Suppression of nonradiative recombination process in directly Si-doped InAs/GaAs quantum dots J. Appl. Phys. 110, 103511 (2011) GaN directional couplers for integrated quantum photonics Appl. Phys. Lett. 99, 161119 (2011) Room temperature spin filtering effect in GaNAs: Role of hydrogen Appl. Phys. Lett. 99, 152109 (2011) Carrier localization and related photoluminescence in cubic AlGaN epilayers J. Appl. Phys. 110, 063517 (2011) Additional information on J. Appl. Phys. The photoluminescence ͑PL͒ technique as a function of temperature and excitation intensity was used to study the optical properties of multiquantum wells ͑MQWs͒ of GaAs/ Al x Ga 1−x As grown by molecular beam epitaxy on GaAs substrates oriented in the ͓100͔, ͓311͔A, and ͓311͔B directions. The asymmetry presented by the PL spectra of the MQWs with an apparent exponential tail in the lower-energy side and the unusual behavior of the PL peak energy versus temperature ͑blueshift͒ at low temperatures are explained by the exciton localization in the confinement potential fluctuations of the heterostructures. The PL peak energy dependence with temperature was fitted by the expression proposed by Pässler ͓Phys. Status Solidi B 200, 155 ͑1997͔͒ by subtracting the term E 2 / k B T, which considers the presence of potential fluctuations. It can be verified from the PL line shape, the full width at half maximum of PL spectra, the E values obtained from the adjustment of experimental points, and the blueshift maximum values that the samples grown in the ͓311͔A / B directions have higher potential fluctuation amplitude than the sample grown in the ͓100͔ direction. This indicates a higher degree of the superficial corrugations for the MQWs grown in the ͓311͔ direction.
I. INTRODUCTION
The GaAs/ Al x Ga 1−x As quantum wells ͑QWs͒ grown on high index surfaces have attracted increasing attention during the past few years due to their technological applications in novel optoelectronic devices.
1,2 GaAs/ Al x Ga 1−x As heterojunctions grown on ͑N11͒ planes ͑N ജ 1͒ of GaAs substrates have shown optical and transport properties that are better than those obtained in samples grown on ͑100͒ surfaces. 3, 4 Mobility enhancement in the two-dimensional hole gas was also observed in GaAs/ AlGaAs heterostructures grown on ͑311͒A surfaces by using silicon as on acceptor. 5 Moreover, GaAs/ GaInP multiquantum wells ͑MQWs͒ grown on ͓311͔B substrates have presented superior optical properties as compared to the same structure grown on ͑100͒ GaAs. 6 Despite the great technological advancement in the semiconductor heterostructure growth technique, the segregation and diffusion of atoms from one structure to the other in the interface regions are inevitable. 7 These processes can therefore develop interface imperfections with microroughness formation. In GaAs/ Al x Ga 1−x As QWs grown on the ͑100͒ surface, gallium segregation and local variations in aluminum concentration cause fluctuations in the well width and barrier height, producing a modulation of the confinement potential profile, affecting the optical properties. At low temperatures and low excitation intensities, the photoexcited carriers are under the influence of these potential fluctuations. These potential fluctuations result in a band tail in the excitonic density of state ͑DOS͒ below the heterostructure fundamental state. 8 After photoexcitation, the photocreated carriers relax by emitting phonons to the minima of the confinement potential before radiatively recombining. At low temperatures, the carriers are thermalized to the minima of the DOS. When the sample is heated, thermal activation and thermal transfer of localized carriers occur. This leads to a temperature-dependent redistribution of the localized carriers. Initially, they are thermally excited to higher energies, leading to a temperature-induced blueshift of the photoluminescence ͑PL͒ peak energy ͑E PL ͒ up to a maximum value, and then, the emission peak displaces to lower energies due to two independent contributions, namely, the electronphonon interaction and the lattice thermal expansion. [9] [10] [11] Several studies have described the blueshift of the E PL ͑T͒ due to potential fluctuations by using the term E 2 / k B T in the fitting models of the band-gap temperature dependence, where E 2 is the Gaussian dispersion of the Gaussian potential fluctuation profile. [12] [13] [14] [15] [16] [17] It has been argued that under intermediated-excitation intensities, there is competition between the potential fluctuations and the band-gap renormalization effects, which is related to the radiative-recombination energy of the carriers. 18, 19 Such competition generate a crossing of the E PL ͑T͒ curves obtained at different excitation intensities at a characteristic temperature T X . This temperature can be inter-preted as a value at which the mechanisms of band-gap renormalization and potential fluctuations cancel each other. Potential fluctuations have been mainly investigated as a function of the barrier aluminum concentration and well width in QWs grown in the ͓100͔ orientation. [17] [18] [19] [20] As far as we know, studies about the influence of substrate orientation on potential fluctuations in QWs are lacking. This article aims to analyze the influence of the substrate orientation on the potential fluctuations of GaAs/ Al x Ga 1−x As MQWs grown on ͓100͔ ͓311͔A, and ͓311͔B oriented GaAs substrates. The study was carried out by means of the PL technique as a function of temperature ͑12 K ഛ T ഛ 120 K͒ combined with the excitation-intensity variation. The PL peak behavior as a function of temperature was fitted by a theoretical model in order to extract quantitative parameters and describe the potential fluctuations of the wells in different orientations. High-resolution x-ray diffractometry ͑HRXRD͒ was also used in order to study the crystal quality and obtain the main structural parameters of the samples.
II. EXPERIMENTAL PROCEDURE
The samples were grown in a Riber 32P solid-source molecular beam epitaxy ͑MBE͒ system. The ͓100͔, ͓311͔A, and ͓311͔B substrates were mounted side by side on the same molybdenum holder. These were simultaneously grown in order to make a direct comparison. The growth was carried out for a substrate temperature of 600°C and an As/ Ga beam flux ratio of 15. By observing the reflection high energy electron diffraction oscillations, the growth rate was measured at 0.5 ML/ s for GaAs on the ͑100͒ surface. The sample structure consists of a 0.1 m GaAs buffer layer, a GaAs ͑55 Å͒ / Al 0.36 Ga 0.64 As ͑285 Å͒ MQW with 20 periods, and a 60 Å GaAs cap layer. The mentioned nominal values refer to the ͑100͒ surface.
The QW and barrier thicknesses as well as aluminum concentrations were determined by HRXRD. The x-ray beam was prepared in a monochromator system with four crystals of Ge͑200͒ ͑ =Cu K␣ 1 ͒.
The PL technique was used in the optical characterization of the excitonic transitions in MQWs with temperatures ranging from 12 to 120 K. In order to observe the gradual reduction of the blueshift of the E PL , four different excitation intensities ͑0.016, 0.160, 1.600, and 16.00 W / cm 2 ͒ were employed. The intensity was raised up to a complete screening of the potential fluctuations. A value of 68 W / cm 2 was necessary in order to achieve the screening for the MQWs grown in the ͓311͔A direction. The 514.5 nm line of an Ar + ion gas laser ͑a 5 W Coherent Innova 70C-5 laser͒ was used as the excitation source. The temperature variation was obtained by using a closed-cycle He cryostat ͑Janis, model CCS-150͒ equipped with a Lake Shore temperature controller ͑model 805͒. The spectral analysis of the luminescence measurements was carried out by a grating monochromator ͑0.5 m focal length͒ and detected by a GaAs tube photomultiplier, using a standard lock-in technique ͑Stanford SR 510͒.
III. RESULTS AND DISCUSSION
Figure 1 displays the HRXRD experimental profile and theoretical best fit for all of the samples. The zeroth-order satellite peak ͑S 0 ͒ is located on the lower-angle side of the substrate peak. Its angular position is related to the average aluminum concentration ͑x͒ in the MQW period. Centered on S 0 , higher order satellites S n are also present, which is in agreement with the theoretical simulations ͑Fig. 1͒. The angular split of these satellites allows us to measure the MQW period thickness L P Th . There are some thickness fringes arising from the total thickness of the structure around S 0 and the substrate peak. The existence of these fringes indicates good crystal interfacial quality. The well ͑L W ͒ and barrier ͑L B ͒ widths and the aluminum concentration ͑%Al͒ values are listed in Table I .
The PL spectra of the GaAs bulk and MQWs at 12 K
FIG. 1. HRXRD experimental profile and theoretical best fit for a 20-period
GaAs/ Al x Ga 1−x As MQW grown on ͑a͒ ͓100͔, ͑b͒ ͓311͔A, and ͑c͒ ͓311͔B GaAs substrates by MBE. The MQW satellites are marked by S n , where n indicates the order. and the AlGaAs bulk at 20 K are shown for all orientations in Fig. 2 . The analyzed GaAs and AlGaAs bulk are the constituent materials of the buffer layer and barriers of the sample, respectively. In the GaAs bulk, the peaks around 1.512 eV are associated with a neutral acceptor exciton bound emission ͑AX͒, and the stronger peaks about 1.515 eV are related to the first level of free excitons ͑e-hh͒. 21 In Al x Ga 1−x As barriers, the band-to-band transition at 2.017, 2.010, and 2.020 eV, bound exciton transition at 1.993, 1.990, and 1.966 eV, and electron-carbon ͑e , C͒ transition at 1.969, 1.985, and 1.925 eV were obtained from samples grown in the ͓100͔, ͓311͔A, and ͓311͔B directions, respectively. A transition involving replicas of optical phonons ͑LO͒ associated with carbon-acceptor emission in the ͓100͔ direction can be also seen in Fig. 2 . In the ͓311͔A orientation, the peak at 1.966 eV is associated with recombination involving donor-to-acceptor pairs ͑D , C͒, in which the donor is not identified. [22] [23] [24] [25] In the ͓311͔B direction, the ͑e , C͒ emission signal is stronger than that seen in ͓311͔A. This behavior is supposedly due to the higher affinity for impurity incorporation in ͓311͔B. This affinity is related to the surface step density structure since the ͑311͒A surface is expected to minimize the incorporation of impurity and defect due to the empty dangling bond of its step-edge group III atom. 26 In the middle of Fig. 2 , the PL spectra are associated with excitonic transitions between the first electron level and the first heavy hole level ͑hh 1 ͒ of the QWs. The PL peak energies, which are associated with excitonic transitions for the ͓100͔, ͓311͔A, and ͓311͔B orientations, were obtained at 1.613, 1.617 and 1.603 eV, respectively. The corresponding full widths at half maximum ͑FWHMs͒ of these PL signals are 6.3, 8.4, and 11.8 meV, respectively.
Because of simultaneous growth, the QW widths are different, as observed by other authors 27, 28 and also in our samples ͑see Table I͒, with the smallest value for wells grown along the ͓311͔B direction. As a result, one might expect that the PL peak of this sample shifts to higher energies when compared to those of the others. However, this was not observed in our experiment. We believe that other mechanisms such as the built-in piezoelectric field, effective mass anisotropy, [29] [30] [31] and interface roughnesses 26, 32 could be related to the PL peak shift as a consequence of the different crystallographic orientations.
Figure 3 presents MQW PL spectra in the temperature range from 12 to 120 K for all of the samples under an excitation intensity of 0.160 W / cm 2 . The energy peak shows a blueshift at low temperatures. It can be also noticed that E PL increases ͑blueshift͒ up to a maximum value ͑E M ͒ and then 
The T M value is approximately 30, 40, and 60 K for the ͓100͔, ͓311͔A, and ͓311͔B directions, respectively. Radiative recombinations at low temperatures and under low excitation intensity are usually dominated by a localized exciton. These recombinations taking place at the band tail are shifted to a lower energy in relation to the recombination energies of delocalized excitons. The PL spectrum is asymmetric for those conditions, with an apparent exponential tail at the low-energy side. Such PL spectrum line shape can be observed in excitonic transitions of the QWs in Figs. 2 and 3 . This asymmetry has been used as a fingerprint of exciton recombination localized in microscopic disorders present in a semiconductor material. 33, 34 Singh and Bajaj developed a model correlating the fluctuations of AlGaAs alloy composition and interface roughness with exciton line width in GaAs/ AlGaAs single QWs. 35 In this model, the line width increases with Al concentration due to exciton wave-function penetration in the barrier region. Lourenço et al. 17 recently showed that both the FWHM and E M values are progressively reinforced with the increase in Al concentration in the barrier material, indicating that the barrier alloy composition has a strong contribution to localized excitons in GaAs/ AlGaAs QWs. Although QWs grown on the ͑100͒ surface possess a higher aluminum concentration in relation to the other samples ͑see Table I͒ , it is also known that QWs grown on the ͑311͒A / B surfaces have a natural roughness at interfaces higher than those on ͑100͒.
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Moreover, the fluctuation effects on radiative emission energy are stronger in QWs with a smaller thickness. 20 This could explain the higher blueshift and higher E M value observed for QWS grown on the ͑311͒A / B surfaces when compared to those grown on ͑100͒. On the other hand, FWHM values of PL spectra of ͑311͒ samples are higher than those on ͑100͒, corroborating the hypothesis of a larger amplitude of interfacial potential fluctuations for samples grown on the ͑311͒ surfaces. A similar comparison could be drawn between samples with the ͓311͔A and ͓311͔B orientations. For this situation, our results indicate that the sample grown on the ͑311͒B substrate has a higher potential fluctuation amplitude than that on ͑311͒A.
Further information about MQW potential fluctuations can be obtained by PL excitation-intensity dependence. This dependence of data points in the temperature interval from 12 to 120 K for all of the samples is shown in Fig. 4 . The excitonic transition energies for lower and higher excitation intensities are displayed for the entire temperature interval. The insets of Fig. 4 exhibit the temperature dependence up to 60 K for all of the excitation intensities. It can be seen that as the excitation intensity increases, the blueshift decreases, and the position of the E M energy shifts toward lower temperatures. This blueshift behavior is explained as follows: because the band-tail DOS is finite, when the excitation intensity increases, a progressive filling of lower-energy states takes place in the band tail. This process is responsible for the blueshift decrease observed in Fig. 4 . For sufficiently high excitation intensities, radiative emissions associated with the band-tail states saturate, and the recombination of free excitons becomes more efficient.
In Fig. 4 , it can be also observed that for the samples grown in the ͓100͔ and ͓311͔B directions, a gradual decrease in blueshift with increase in excitation intensity, being approximately null for 16 W / cm 2 , occurs. For this intensity, the potential fluctuations are screened. The sample grown in ͓311͔A exhibits a similar behavior as that grown in other orientations. However, it was necessary to increase the excitation intensity up to 68 W / cm 2 in order to achieve the screening of potential fluctuations. These different behaviors observed in QW grown on ͑311͒ surfaces are associated with the electronic state density, which is three times higher on the ͑311͒A surface than that on ͑311͒B.
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In QWs where the potential fluctuations are screened by the effect of excitation density ͑carrier concentration͒, the temperature dependence of the band-gap energy can be described through different fitting models, among which is the expression proposed by Pässler ͑known as the Pässler-p model͒,
where E g ͑T =0͒ is the energy gap at 0 K temperature, ␣ ϵ S͑ϱ͒ϵ−͓dE͑T͒ / dT͔ T→ϱ is the high-temperature limit value for the forbidden gap entropy, ⌰ is a characteristic temperature parameter of the material representing the effective phonon energy, ប = k B , in unit of absolute temperature, and p is an empirical parameter related to the shape of the electron-phonon spectral function. 10, 38 Nevertheless, in samples where the potential fluctuations are relevant, Eq. ͑1͒ does not describe the behavior of the PL peak energy with temperature, at least for low-temperature regions. The presence of alloy compositional disorders constitutes a source of electrostatic potential fluctuations. Such compositional disorders lead to a static distribution of excitonic recombination energies with a Gaussian distribution, with a standard deviation E , resulting in the broadening of the excitonic emission line. The dependence of this line broadening on the alloy chemical composition can be described by the relation 36,39,40
where ␥ is a factor smaller than 1, dE g ͑x͒ / dx describes the energy gap variation of the alloy with the concentration, x is the alloy concentration, R ex is the Bohr radius of the exciton, V C is the smallest volume in which the variation in composition should occur, 40 and for a perfectly random alloy, V C is the volume of the unitary cell.
Christen and Bimberg 41 presented a relationship between the PL peak energy shift with temperature, which is originated by compositional disorders, and the E value. This relationship is given by E 2 / k B T. Thus, the expression that describes E PL variation with temperature in the presence of potential fluctuations is
where the term E g ͑T͒ could be one of the relationships proposed by Varshni, 42 Viña, 9 or Pässler. 10 By substituting Eq. ͑1͒ in Eq. ͑3͒, we obtained the expression used in our fitting:
ͮ .
͑4͒
In this work, the Pässler-p model was applied because it showed the best fitting in relation to the Varshni and Viña models. The best fits found by applying expression ͑4͒ are represented in Fig. 4 by continuous lines. Although E proceeds from compositional fluctuations of alloy, the samples analyzed in this paper also present interfacial disorders due to the microroughnesses of interfaces. Consequently, in our case, E represents a combination of these two types of disorders on PL signal of the QWs.
The experimental values of the PL peak energy at 12 K as a function of excitation intensity and the values of the parameter E obtained from the fitting of Eq. ͑4͒ to E PL ͑T͒ are listed in Table II . The E value decreases when the excitation intensity increases for all of the samples and becomes zero for the highest intensity used. Lourenço et al. 17 morphological disorders in alloy chemical composition, also show a higher contribution of interfacial disorders compared to that of simple QWs because of the increase in the interface numbers. The highest value of the parameter E was found for MQWs grown on the ͑311͒B surface followed by the value on ͑311͒A. This largest value is a consequence of the natural corrugation of these surfaces, 36 of the small QW width, and of the high impurity incorporation on the ͑311͒B surface.
It can be also observed in Fig. 4 that the fitting curves of experimental data for the smaller and highest excitation intensities intersect each other at a characteristic temperature T X = 26, 40, and 61 K for the ͓100͔, ͓311͔A, and ͓311͔B directions, respectively. Below T X , the potential fluctuations dominate the excitonic transitions, and for temperature values superior than T X , the effect of band-gap energy renormalization starts to predominate. 18, 19 Taking this into account, it can be observed that on ͑311͒ surfaces, the values of T X are higher than those on ͑100͒, showing that the potential fluctuations are higher in those surfaces.
IV. CONCLUSION
In summary, we studied optical transitions in Al͑GaAs͒ alloys and GaAs/ AlGaAs MQWS grown in the ͓100͔, ͓311͔A, and ͓311͔B directions. In GaAs bulk, it can be verified that the PL peak related to free exciton transitions does not vary with the substrate orientation. This finding is in agreement with the work of Xu et al. 43 For the AlGaAs alloy, a higher incorporation of acceptor impurities ͑carbon͒ and donor impurities ͑not identified͒ could be observed when growth takes place in the ͓311͔B direction.
In MQWs, it can be also verified that under low excitation intensities, the temperature dependence of the PL peak energy ͑E PL ͒ initially shows a blueshift up to a temperature T M , at which the blueshift maximum energy is E M , and then a redshift characteristic of the band-gap energy occurs with temperature increase in III-V semiconductor materials. From the FWHM values and E M energies, it was observed that MQWs grown in the ͓311͔B direction have a higher amplitude of confinement potential fluctuations than those grown in the ͓311͔A and ͓100͔ directions. The maximum value of the blueshift energy is systematically reinforced and shifted toward higher temperature regions in the ͓100͔, ͓311͔A, and ͓311͔B directions, suggesting a strong effect of the growth direction in the compositional disorders of the barrier material and/or interface microroughnesses. Moreover, all of these behaviors are enhanced by the reduction in excitation intensity.
The fitted curves of E PL ͑T͒ obtained for different excitation intensities intersect each other in a characteristic temperature ͑T X ͒. This phenomenon was also observed in GaAs/ AlGaAs and GaAsSb/ AlGaAs simple QWs, 17, 18 and it was interpreted as competition between the blueshift ͑due to potential fluctuations͒ and the redshift ͑due to band-gap renormalization͒. The temperature T X at which the crossing takes place was interpreted as a point where the competition between the mechanism of band-gap renormalization and potential fluctuation is at its maximum. In our samples, the temperature T X is 26, 40, and 61 K for the ͓100͔, ͓311͔A, and ͓311͔B directions, respectively. The high values of the blueshift obtained for samples grown in the ͓311͔ A / B directions make the maximum value of the blueshift shift toward higher temperatures, resulting in higher values of T X . Structures grown in these directions exhibit a natural roughness of interfaces higher than those grown in ͓100͔, 36 justifying this effect.
Besides natural corrugations, the sample grown on the ͑311͒B surface presents a higher incorporation of residual impurities than those samples grown on the ͑311͒A and ͑100͒ surfaces. These corrugations and impurities generate potential fluctuations with higher amplitudes ͑deeper states in the band tail͒. These result in a higher redshift of the PL peak energy at low temperatures, higher line width, and higher value of E PL as a function of temperature and excitation intensity. On the other hand, the sample grown on ͑311͒A seems to have higher state densities with energies very close to the those of the other samples and also localized near the bottom of the conduction band and/or the top of the valence band. These states generate confinement potential fluctuations with low amplitudes, justifying the requirement of a higher excitation potential in order to screen the fluctuations observed in this sample and the smaller value of E M energy obtained in this direction.
